Abstract: We describe two methods, liquid deposition photolithography and holographic lithography, for fabricating two-dimensional arrays of optical waveguides with high channel counts. Both methods rely on refractive index patterning via monomer diffusion in photosensitive polymers.
Introduction
Over the past decade, arrays of optical waveguides have provided a rich platform for the study of discrete systems [1] . Waveguide arrays can also serve as high-bandwidth, multi-channel data links and a means for endoscopic image transmission. Established methods for 2D waveguide array fabrication include the stack-and-draw technique for optical fiber arrays, multilayer planar lithography, and direct-write lithography in glasses and polymers. While these methods each have advantages and disadvantages for producing waveguide arrays for specific applications, each encounters problems with cost, complexity, and/or fabrication time when attempting to scale to large channel counts.
Fabrication of two-dimensional (2D) optical waveguide arrays requires precise manipulation of material refractive index in three dimensions. One-photon, diffusive photopolymers [2] enable self-developing three dimensional (3D) patterning of up to cm thick solid volumes. These materials contain two monomers [3] , in which the first monomer is thermally or optically gelled, providing a physical scaffold for index structures. Linear absorption of incident light polymerizes the second monomer, locally depleting it in the exposed region. This causes diffusional mass transport of unreacted monomer into the exposed region, resulting in an increased material density and index of refraction. A post-exposure optical flood cure bleaches remaining initiator and cross-links all remaining monomer, yielding stable, permanent index structures.
Here, we present demonstrations of two methods for 2D waveguide array fabrication, holographic lithography and liquid deposition photolithography (LDP). Both are based on refractive index patterning via optical lithography of diffusive photopolymers, and both are suitable for scaling to high-channel-count waveguide arrays. LDP offers the further advantage of efficient, arbitrary patterning of refractive index within 3D volumes.
Volumetric Holographic Lithography
Holographic lithography is a fabrication method whereby an optical interference pattern is recorded in a photosensitive material. We have produced 2D optical waveguide arrays via holographic lithography by exposing thick volumes of diffusive photopolymer to a three-dimensional irradiance pattern formed by the interference of multiple coherent plane waves. For the demonstration reported here, we used four beams described by
where i = 1 to 4 corresponds to unique combinations of the ± signs, and ϕ i = 0 for all beams. The spatial arrangement of the four beams is illustrated in Fig. 1(a) . The resulting irradiance pattern I(x, y) is a square array of irradiance maxima that is invariant along the z-axis within the region of beam overlap. The normalized transverse irradiance distribution is given by
In general, the irradiance pattern is determined by both the spatial arrangement and relative phases of the interfering beams. Phase stability is essential during exposure to maximize the resulting index contrast. The demonstration system uses a 532 nm diode-pumped solid-state laser coupled into single-mode optical fiber to provide spatial filtering and to facilitate phase control. A 1 × 4 fiber splitter divides the light into the four writing channels. Three channels have piezo-electric phase modulators to control the relative phases of three writing beams relative to the fourth. The four fiber outputs are collimated and steered by mirrors to interfere with the appropriate k-vectors at the photopolymer sample. A beam sampler directs four percent of each writing beam to a set of mirrors that produce an auxiliary interference pattern that is detected with a CMOS camera and used as feedback for phase control via the piezo-electric phase modulators. The auxiliary interference pattern is formed using a nonredundant set of incidence angles, allowing the relative phase of each beam pair to be independently monitored via Fourier analysis of the pattern. Continuous monitoring of the relative phases provides feedback through a software control loop to stabilize the irradiance pattern during exposure. Typical exposure times are 1 to 10 s using 5 to 10 mW of optical power per writing beam.
We have demonstrated holographically written waveguide arrays up to 8 mm long with up to 40,000 guides per array using a single optical exposure. Arrays pitches ranging from 10 to 28 µm have been produced by varying the angles of the beams relative to the optic axis of the system. Channel count is limited only by beam size, material dimensions, and available optical power. To demonstrate optical waveguiding, we projected an image onto the front of the waveguide array and collected the ouput of the array onto a camera. An example of an input image is shown in Fig. 1b , and the resulting output image is shown in Fig. 1c . The pitch of the array used for this figure is 28 µm and its length is 8 mm. Figure 1(d) shows a plot along a single row of pixels in the output image, showing well-localized waveguide modes. We determined the peak refractive index contrast of the array to be approximately 3 × 10 −3 by spatially resolved measurements of the Fresnel reflectivity from front facet the waveguide array.
Liquid Deposition Photolithography
While holographic lithography provides an efficient method for producing waveguide arrays with large channel counts, it is limited in its ability to arbitrarily control 3D refractive index distributions. An alternative method, liquid deposition photolithography (LDP), provides a much greater degree of control over 3D index structures. LDP utilizes a onephoton, initially liquid photopolymer in a process that produces patterned 3D volumes through repetitive layering, where each layer is structured by projection lithography. The use of a liquid photopolymer enables high throughput via micro-fluidic manipulation and rapid monomer diffusion.
The process steps of LDP are shown in Fig. 2(a) . First, liquid monomer is drawn through a microfluidic channel as the platform is lowered, producing a new material layer (i). Second, the liquid layer is patterned by 2D projection lithography, polymerizing and solidifying the monomer in the exposed regions (ii). Polymerization is suppressed just below the window via oxygen diffusion from the polydimethylsiloxane (PDMS) mold. Third, unreacted monomer diffuses from the adjacent layer of liquid monomer into the solid, increasing the material density and index of refraction (iii). Finally, the entire layer is optically flood cured to a solid, cross-linked, photo-insensitive polymer (iv). Steps (i)-(iv) are repeated to fabricate complex 3D index structures.
In addition to full 3D control of index, LDP provides reduced processing time compared to conventional lithography by eliminating the separate instruments required for mask-to-substrate alignment, layer planarization, and chemical and thermal processing. This allows the entire process to be completed on a single instrument. Similar to planar lithography, transverse resolution is a function of the projection optics, material response, and layer thickness, while axial resolution is determined by layer thickness. In LDP the layer is not spin coated but, instead, fluid is deposited by the motion of a stage with nanometer resolution and planarized by the chamber window [see Fig. 2(a) ]. The chamber window allows optical pattern access, and, through the use of a 125 µm thick PDMS layer, provides a constant flux of oxygen at the liquid monomer boundary via diffusion [4] . Oxygen is a strong radical inhibitor [5] , so polymerization is prevented in the thin liquid monomer layer directly adjacent to the chamber window. The thin monomer layer provides a short diffusion path for the unreacted monomer, decreasing the diffusion time for the 3D volume and enabling rapid fabrication of thick, high axial resolution devices.
To demonstrate LDP's ability to fabricate 2D optical waveguide arrays, 100 layers were sequentially patterned and stacked to create a mm-thick rectangular array of 3000 waveguides, a portion of which is shown in Fig. 2(b) . Array pitches ranging from 30 to 200 µm have been produced by changing the mask used for the projection lithography step of the process. The channel count is limited by the transverse resolution of the system and the physical size of the lithography chamber. The index contrast of the waveguide array was measured to be approximately 0.1, as shown in Fig. 2(c) , through a spatially resolved measurement of Fresnel reflectivity.
